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ABSTRACT 
Substrate Concentration, Calcium Concentration and K-Casein 
Hydrolysis in Milk Coagulation 
by 
Fenjin He, Doctor of Philosophy 
Utah State University, 1990 
Major Professor: Dr. Rodney J. Brown 
Department: Nutrition and Food Sciences 
Milk coagulation consists of four overlapping phases: enzymic hydrolysis, 
micelle aggregation, gelation and syneresis. The objectives of this study were to 
determine the effects of added CaC12 on milk coagulation and the relationship 
between enzymic hydrolysis and micelle aggregation with substrate at different 
concentrations. 
Addition of CaC12 to milk is widely practiced in industry and in laboratories. 
This changes calcium concentration, pH and ionic strength. It is impossible to 
separate these three variables and investigate each one independently. 
Addition of low levels of CaC12 shortens coagulation time and increases curd 
firming rate. Low levels of CaC12 also accelerate the enzymic hydrolysis process. 
Calcium ions increase hydrolysis rate, but this effect is much smaller than that of 
lowered pH. Increase of ionic strength due to addition of CaC12 has an adverse 
effect on enzymic hydrolysis. This dominates at high CaC12 concentration, and the 
overall coagulation process slows down. Adding CaC12 also promotes micelle 
aggregation. However, aggregation is retarded by high levels of added CaC12. 
xu 
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Results of this study show that about 90% of the K-casein is hydrolyzed for 
diluted milk (1/3) to coagulate. Samples at normal concentration (12 g NDM/100 ml 
solution) require only 60% conversion of K-casein to para-K-casein. Addition of 
CaC12 significantly decreases this percentage. This suggests a different aggregation 
and gelation process in samples containing added CaC12. 
When pepstatin A is used to stop enzymic hydrolysis at different times, different 
degrees of K-casein conversion are obtained. Micelles aggregate even at very low 
percentages of hydrolysis. Previous reports have stated that a micelle cannot 
participate in aggregation until almost all of its K-caseins have been hydrolyzed. 
(144 pages) 
LITERATURE REVIEW 
Mechanism of Milk Coagulation 
Introduction. Milk proteins can be classified as caseins and whey proteins. 
During cheese manufacture, casein proteins are coagulated. They exist in a micellar 
form, composed of asJ-, as2-. ~.-and K-{;aseins (Eigel et al., 1983, Emstrom and 
Wong, 1983). as1. as2 and ~-caseins are calcium sensitive and precipitate in the 
presence of calcium. K-casein is calcium insensitive and stabilizes asJ-, as2- and 
~-casein against precipitation. Reviews on casein micelle composition and their 
properties have been published (McMahon and Brown, 1984a). 
Micelle Models. Micelle structure and modeling has received much attention. 
Many models have been proposed for describing casein micelle structure (Farrell, 
1973; Schmidt, 1982; Slattery, 1976). They will be briefly described here. 
Waugh's model consists of a core composed of asi- and ~-{;asein. The core is 
covered with K-caseins (Farrell, 1973). This model is simple and agrees with some 
experimental facts. Smaller micelles have higher surface area to volume ratio, and 
experiments have shown that they also have higher K-casein content (Dalgleish et al., 
1981). If K-caseins exist on the micelle surface, as predicted by Waugh's model, 
smaller micelles would have higher percentage of K-caseins. However, experiments 
have shown also that some K-caseins exist in the interior of micelles and some asl-
and ~aseins are on the surface (Schmidt, 1980; Slattery, 1976). 
Parry and Carroll (1969), based on their K-casein locating experiments, 
proposed a micelle model that has a K-{;asein core. as I- and ~-{;aseins form 
complex with calcium phosphate which is deposited on the core. Coagulation is 
induced by the free K:-caseins in serum. This model has three major drawbacks. The 
first drawback is that it contradicts results from many other experiments which have 
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shown that K-casein is located mainly on the micelle surface (Schmidt, 1982). 
Secondly, the role of free K-caseins in coagulation has been disproved (Green, 1973). 
Thirdly, this model does not have a system to control casein micelle size. 
Rose ' s model is similar to Waugh's model. In Rose's model, ~-caseins 
self-associate to form a chain-like backbone. as1-caseins attach to the chain, which 
is stabilized by calcium phosphate. K-caseins interact with as1-caseins and point 
outward (Farrell, 1973). Based on this model, micelles would disintegrate upon 
cooling, which reduces hydrophobic interaction. However, this has not been 
observed (Schmidt, 1982). 
In Garnier and Ribadeau-Dumas' model, K-caseins form trimers. Each trimer 
interacts with three as1-and ~asein tetramers in which as1:~aseins is 1:1. The 
whole micelle is porous. This model accounts for the overall stoichiometry of 
asl:~ : K-caseins (Garnier and Ribadeau-Dumas, 1970). Milk clotting enzymes 
hydrolyze K-caseins both on the surface and in the interior of the micelle. 
Para-K-caseins in the exterior of micelles interact with each other, causing 
aggregation of micelles. Upon being disturbed, such as cutting and stirring in cheese 
making, the structure collapses and squeezes out the whey. This accounts for the 
syneresis process (Ernstrom and Wong, 1983). One of the major problems of this 
model is the even distribution of K-caseins throughout the micelle, which contradicts 
experimental results. 
Submicelle models have been proposed. Submicelle structure has been 
observed by electron microscopy. Under the electron microscope, a micelle looks 
like a raspberry, composed of many subunits with a diameter of 15-20 nm (Schmidt, 
1980). Morr (1967) proposed the first submicelle model. Morr' s submicelle is like 
Waugh's micelle, except that it is smaller. Calcium phosphate links the submicelles 
together. Morr's model has the drawback of even distribution of K-casein, which is 
not observed experimentally. There is no system governing the growth of micelles. 
Also, this submicelle model does not predict the relationship between size and 
K-casein content observed in many experiments. Nevertheless, Morr's model was a 
revolution in micelle modeling. 
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Slattery and Evard (1973) made another revolution in micelle modeling. They 
proposed that each submicelle is amphiphilic (Slattery, 1976), with a hydrophilic (K-
caseins) and a hydrophobic area (as I- and 13---caseins). Subunits are bound together 
via hydrophobic interaction until the surface is covered with K-caseins. This model 
predicts that there is an inverse relationship between micelle size and K-casein 
contents. An objection to this model is that cooling would disintegrate the micelle to 
submicelles, which is not observed experimentally. Also, dialysis experiments have 
shown that colloidal calcium phosphate is important in binding submicelles together 
to form micelles (Schmidt, 1982). 
In colloidal calcium phosphate-free milk, most micelles disintegrate to 
submicelles, as evidenced by electron microscopy (Schmidt, 1980). Based on this, a 
new model was proposed (Schmidt, 1980). In this model, submicelles consist of a 
hydrophobic core and a hydrophilic coat. In the hydrophilic coat, K-caseins 
accumulate in one area. Hydrophilic groups of <Xsi- and 13---caseins occupy the rest 
of the hydrophilic coat. Colloidal calcium phosphate does not bind to 
phosphate-poor K-caseins; instead, it binds to as I- and 13---caseins via their 
phosphoester side chains. Submicelles are bound together with K-casein-poor 
submicelles in the interior. Micelles grow until their surfaces are covered with lC-
casein (Schmidt, 1980; Schmidt, 1982). 
A correct model of casein micelles is important in understanding milk 
coagulation. Of all these models, the one proposed by Schmidt seems to account for 
more experimental results than the others. 
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Phases of Milk Coagulation. Milk coagulation consists of four overlapping 
phases: enzymic proteolysis, micelle aggregation, gelation, and syneresis. During 
the enzymic phase, proteolytic enzymes attack K-caseins and hydrolyze the bond 
between Phews-Meti()6, which yields para-K-casein and macropeptide (Ernstrom 
and Wong, 1983). Chymosin (E.C. 3.4.23.4), which is the major coagulating 
enzyme in calf rennet extract, is specific for this bond. This reaction destabilizes 
casein micelles. Many studies have been done on the reaction kinetics of chymosin 
using synthetic peptides. Sequences of these peptides are taken from the sequence of 
JC-casein around Phews-Meti06. Chymosin does not act on any peptides with less 
than five residues or any that have the Phews-Met106 as the terminal residues 
(Visser, 1981). The enzymic phase follows Michaelis-Menten kinetics. 
Carlson et al. (1987a, 1987b and 1987c) made an extensive study on milk 
coagulation. They derived a rate equation forK-casein hydrolysis based on the 
following reaction: 
K-casein + H20 -------------> para-K-casein + macropeptide (1) 
The proposed reaction is a Bi-Bi mechanism. In one path, the enzyme first 
forms a complex with water, then this complex combines with JC-casein to form an 
enzyme-K-casein-water complex. This complex is converted to para-casein and 
macropeptide. In a second path, the enzyme first forms a complex with lC-casein, 
then this complex combines with water. The ratio of the foreward reaction to the 
reverse reaction is approximately 1Q5, even at 99% hydrolysis and an initialK-casein 
concentration of 2 x lQ-4 M (Carlson et al., 1987a). In milk, concentration of water 
is about 49 M . So the first path is probably more realistic because in the reaction 
mixture enzyme molecules are saturated with water. 
Hydrolysis of K-casein can be expressed by: 
d[k] kcr[Eo][k] 
dt = CKmapp + [k]) (2) 
where [k] and [Eo] are K-casein concentration and enzyme concentration, kef is the 
foreword reaction constant and Kmapp is the apparent Michaelis constant. Km for 
rennet is .4 mM (Dalgleish et al., 1981). Km varies with milk from different cows 
and has been reported as .67-5.4 x 10-5M (Castle and Wheelock, 1972). 
Many studies have been done on mechanism and kinetics of the secondary 
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phase of milk coagulation. Some looked at the whole process, and some looked at 
the two phases separately. Application of immobilized enzyme makes the separation 
of these two phases possible (Cheryan et al., 1974). The enzymic phase can be 
separated from the other two phases by conducting the enzymic hydrolysis at low 
temperatures (McMahon and Brown, 1984b). In the aggregation phase, destabilized 
casein micelles aggregate together (McMahon et al., 1984b). Gelation starts when 
aggregation has reached the extent that the micelles in the system form a network. 
Syneresis occurs after gelation. During syneresis, some of the whey that occupies 
the free space of the gel network is expelled. 
There is not a clear division between the primary and secondary phases because 
they overlap. Aggregation of para-casein follows von Smoluchowski' s rate theory in 
that aggregation depends on collisions between randomly diffusing aggregable 
particles rather than on their chemical reactivities (Green, 1980). Dalgleish (1983) 
summarized results from many studies and pointed out that (a) an extensive, but not 
complete, degree of proteolysis of micellar K-casein must occur before coagulation 
can take place; (b) aggregation ofrenneted micelles can be described by a von 
Smoluchowski mechanism; (c) the coagulation has a high activation energy at 20T 
(about 107 dm3 mole-1 s-1 ), but it is 100 times lower than the diffusion-controlled 
limit at that temperature. 
Green et al. (1978) reported that aggregation does not start until about 60% of 
the rennet clotting time, when the enzymic action is almost complete. Dalgleish 
(1979) and Dalgleish et al. (1981) showed that more than 85% of K:-caseins are 
hydrolyzed before an increase in molecular weight becomes apparent. McMahon 
et al. ( 1984a) studied enzymic coagulation of milk casein micelles with a 
spectrophotometer and reported that the turbidity starts to increase at 12% of 
coagulation time. This is much earlier than coagulation can be physically observed. 
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Coagulation Mechanisms. Many mechanisms have been proposed for 
coagulation. Parry and Carroll (1969) proposed that rennet acts only on the 
K:-caseins dissolved in the milk serum and the para-K:-caseins so formed act as 
bridges to link the micelles together. This theory has been disproved (Green, 1973). 
Green (1973) suggested that milk clotting may involve (a) a decrease in the electrical 
repulsive forces between casein micelles and (b) a specific interaction between 
renneted micelles. Darling and van Hooydonk ( 1981) suggested that steric repulsion 
between hydrophilic protein chains on the micelle surface governs the stability of 
micelles. Therefore, if the hydrophilic macropeptides are removed by proteolysis, 
the casein micelles lose their stability. 
After addition of enzyme, proteolysis of K:-casein goes on very quickly. There 
is, however, a lag phase between addition of enzyme and physically observed 
coagulation. One reason for this is the slow aggregation of para-caseins. Another is 
the time required for the enzyme to produce sufficient aggregable particles 
(Dalgleish, 1980a). Brown and Collinge ( 1986) questioned the physical necessity of 
a lag time and said that observed lag times are artifacts of the methods used to 
observe coagulation. 
7 
Payens ( 1979) suggested that a considerable part of the retardation of clotting is 
caused by a "steric factor," that is, by the number of unsuccessful collisions. 
Chymosin hydrolyzes K:-casein from micelles, which makes the micelles reactive. If 
two reactive sites from two micelles bump into each other, the result is a successful 
collision and these two micelles stick to each other. If one reactive site from a 
micelle bumps into a non-reactive site from another micelle or two native micelles 
bump into each other, no aggregation occurs. 
Cheryan et al. (1974) studied the effect on coagulation time of dilution of 
immobilized enzyme-treated skim milk with water, whey and untreated skim milk. 
Addition of water or whey has less effect on coagulation time than addition of 
untreated skim milk. Addition of untreated skim milk both dilutes the sample and 
increases the proportion of unaggregable micelles. Therefore, the frequency of 
unsuccessful collisions is higher than in samples diluted with water or whey. They 
concluded that not all of the micelles in milk need to be attacked by enzymes for 
coagulation to occur. A limited number of para-caseins must be produced for 
coagulation to be observed. Time required to produce this limiting number of 
particles was defined as clotting time ('t) by Payens (1976): 
(Ks V) -.5 't= -2- (3) 
where Ks is the flocculation rate constant, and V is the velocity of enzymic action 
which depends on enzyme concentration. If this equation is true, there should be a 
linear relationship between log (t) and log[E]-1. Carlson et al. (1987c) questioned 
this equation by stating that experimentally it has never been observed that 
coagulation time is inversely proportional to the square root of the enzyme 
concentration. McMahon and Brown (1983) and Brown and Collinge (1986), 
however, did experimentally demonstrate a linear relationship between log('t) and 
log[E]-1. 
McMahon et al. ( 1984b) applied the geometric model of floc formation to 
explain casein micelle aggregation. According to this model, reactive micelles first 
aggregate and form clusters of micelles. Aggregation continues in a way that 
clusters of micelles collide with each other. When aggregating micelle clusters 
occupy a critical volume, their mean distance is so reduced that further aggregation 
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results in an explosive growth in particle size. This is reasonable because physically 
observed coagulation occurs much later than the beginning of molecular weight 
increase. Green (1973) calculated that casein micelles only occupy 8% of the 
volume of milk, and Payens (1976) reported that micelles occupy only 2% of the 
volume of milk. In electron micrographs milk gels appear as non-oriented, network 
systems, and their structure is the same in all directions (Green, 1980). 
Aggregation follows von Smoluchowski's theory of slow coagulation, and 
diffusion plays an important role in progress of aggregation. The rate of decrease in 
number concentration of independent particles (n) in solution follows second-order 
kinetics (Carlson et al., 1987b): 
(4) 
where k2 is a second-order rate constant. For spherical particles, this becomes: 
(5) 
where sis the normalized distance between the particle centers, V(s) is the potential 
energy function that describes interaction of panicles, kB is the Boltzmann constant, 
Tis absolute temperature and k2° is the limiting value of k2 when V(s) = 0. So, 
k 0 _4kBT 2 -
311 
(6) 
where 11 is the viscosity of the system, and k2° describes the situation for uncharged 
panicles. 
Payens (1976) proposed a model for para-casein micelle collisions. According 
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to this model, collisions between micelles with completely reactive surfaces result in 
successful aggregation. If micelles are only panly reactive, some collisions will be 
unsuccessful. Lower proponions of reactive sites on micelle surfaces result in 
formation of loose gel structure instead of dense precipitate, even though micelles 
only occupy a small volume of the milk. 
According to the von Smoluchowski theory, the growth rate of weight-average 
molecular weight (Mw) is given by: 
Mw (t) = Mw (0) (1 + Ks Co t) (7) 
where Mw (0) is the initial weight-average molecular weight, Co is the initial molar 
concentration of aggregating particles and tis time (Dalgleish, 1983). Payens and 
Wiersma (1980) showed that the growth of the weight-average molecular weight in 
casein micelle coagulation is given by: 
f p(t)2 dt Mw = Mw (0) { 1 + Ks p(t) } (8) 
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where p(t) is the total number of monomers produced by enzyme in timet. 
Mathematical models have been proposed for coagulation time by combining 
the Michaelis-Menten equation with von Smoluchowski's rate theory. Dalgleish 
( 1980b) assumed that a micelle cannot participate in coagulation until the extent of 
proteolysis of x:-casein (a) has reached a given value, Clc· of its total x:-casein 
content. It was also assumed that there is an appreciable amount of x:-casein in the 
micelle. The coagulation time, te, is then given by: 
Km 1 ~ 1 Merit 
te = y-- ln (--) + ( v ) So + <2 K C ) ( Mo - 1) 
max 1---<Xc max s 0 
(9) 
where s0 is the initial concentration of x:-casein, Co is the concentration of 
aggregating materials, Merit is the weight-average molecular weight at te, and Mo is 
the initial weight-average molecular weight. 
Darling and van Hooydonk (1981) assumed that the stability of micelles is 
governed primarily by x:-caseins with a minor contribution from other proteins. 
They introduced a stability factor (W), the ratio of the particle collision frequency to 
the frequency with which these collisions produce aggregation, into the model. W is 
related to temperature and the maximum interaction energy between two 
approaching particles. They obtained a mathematical expression for coagulation 
time as: 
where Cm is a proportionality constant, Wo is the initial stability factor, So is the 
initialx:-casein concentration, and ne and no are the numbers of micelle particles at 
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time c and zero. In this model, V, Ks, and W o are temperature dependent variables. 
The authors showed that this model agrees with experimental observation. 
Measuring Milk Coagulation 
Many methods can be used to study casein micelle coagulation. Different 
methods detect different points as the clotting point (McMahon and Brown, 1982), 
and the sensitivity of each method is different. 
Formation of Visual Aggregates. The rolling bottle is an old and widely used 
method. It detects clotting at the time of formation of visual aggregates on the inside 
surface of rolling bottles (Ernstrom and Wong, 1983; Sommer and Matsen, 1935). A 
rolling test tube method uses similar principles to detect milk coagulation (Berridge, 
1952; Lucisano et al., 1985; Payens, 1984). The rolling bottle method has become 
the standard method to which other new coagulation measuring methods are 
compared. The rolling test tube method is the same but requires a simpler device. 
These methods give only the endpoint of coagulation. Also, they are not suitable for 
concentrated samples (Culioli and Sherman, 1978) because concentrated milk is too 
viscous, and formation of aggregates cannot be visualized. Both of these methods 
have the common disadvantage of being inconvenient. The operator must be present 
to record the clotting point, and they are subjective measurements. 
Gelation. Hill (1923) at Utah State University pioneered measurement of milk 
coagulation with his Hill Curd Tension Test. His apparatus consists of a ten-pronged 
curd knife connected to a specially designed spring balance. Curd tension can be 
read directly from the spring balance. Over the years, research scientists at Utah 
State University have made great contributions to the knowledge of milk coagulation 
and its measurement (Richardson, 1984). 
McMahon and Brown (1982) evaluated the application of Formagraph in 
measuring milk coagulation. The Formagraph shows the whole process of 
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coagulation by measuring resistance of milk to movement of a pendulum. When 
gelation starts, it resists the movement of the pendulum which is attached to a mirror. 
Light hits the mirror and is reflected onto light-sensitive paper. A coagulation curve 
is developed (Figure 1) where r is coagulation (gelation) time, kzo is the time 
required for the curve to reach a width of 20 mrn, and a3o is the curd firmness 30 min 
after enzyme addition. Curd firmness at k20 is equivalent to the firmness at cutting 
time in cheese making (McMahon and Brown, 1982). The reciprocal of kzo 
represents curd firming rate at that particular coagulation time. One advantage of 
the Formagraph is that it measures ten samples at the same time. Coagulation curves 
of each sample are recorded by the instrument so that variations due to subjective 
measurement are reduced. Also, the operator does not need to be present. 
Richardson et al. (1985) constructed an apparatus, called "Vatimer" for 
continuous measurement of milk coagulation in the cheese plant. A strain gauge 
measures the resistance of the milk to the vertical movement of a probe. The probe 
consists of a stainless steel disc (15 em diameter) attached to a stainless steel rod. 
The cheese maker can cut the curd once the curd rigidity reaches a pre-determined 
value. A patent was granted for this apparatus (Richardson and Thorpe, 1985). 
van Hooydonk et al. (1986) used an Instron 1122 Universal Testing Instrument 
to monitor enzymic milk coagulation. The principle is similar to that of the 
Formagraph. A rectangular gauze (85 mm x 60 mm) is moved up and down slowly 
in the milk sample. The mechanical resistance exerted by gel formation on the gauze 
is continuously recorded. The resulting curve is similar in shape to the curve 
obtained with the Formagraph. 
Starry and Ford (1982a) also used an Instron Universal Testing Instrument to 
measure curd development. A specially designed stainless steel wire probe (5 em in 
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Figure 1. Milk coagulation curve recorded by Formagraph. r is time from 
addition of enzyme to coagulation, k20 is the time from r to curd 
fmnness of 20 mm and a3o is deflection caused by curd frrmness 
30 min after enzyme addition (McMahon and Brown, 1982). 
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diameter) is immersed into the test milk and curd formation is recorded by the force 
exerted to the probe. They observed the tinning about 2.5 min after the visual 
coagulation point detected by the test tube method. 
Garnot and Olson (1981) evaluated the use of a curd finnness tester that 
measures the deformation transmitted by a gel undergoing a slight oscillatory 
compression. Marshall et al. (1982) used a pressure transmission system (PTS) to 
continuously measure curd development. A pressure-wave is generated by a 
sinuosity diaphragm movement and transmitted to the receiving pressure transducer 
due to the rigidity of the curd. This transmitted pressure is recorded by the 
instrument as the curd finnness curve. 
Viscosity Change. Viscosity changes during milk coagulation can be detected 
by viscometer (Kopelman and Cogan, 1976; Kowalchyk and Olson, 1977; 
Richardson et al., 1971; Scott Blair and Burnett, 1963; Scott Blair and Oosthuizen, 
1961; Tuszynski, 1963; Tuszynski et al. 1968). 
Scott Blair and Oosthuizen (1961) successfully detected the early stage of milk 
coagulation with an Ostwald viscometer. The viscosity curve reported by them first 
decreases and then rises. They attributed the initial decrease of viscosity to the 
enzymic hydrolysis of casein and the later rise of viscosity to the early stage of 
micelle aggregation. 
Scott Blair and Burnett (1963) described a simple apparatus to follow milk 
coagulation in cheese plant. This apparatus consists of a capillary tube connected to 
the bottom of a graduated glass tube. Before the milk is expected to clot, a sample is 
withdrawn and added to the graduated glass tube, and the movement of the milk is 
recorded. They reported that the clotting time determined by this method agreed 
well with the observations of a skilled cheese maker. 
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Tuszynski et al. (1968) used a torsiometer and a thrombelastograph to study 
milk curd formation. In a torsiometer, a stainless steel cylinder slowly oscillates in 
the milk sample, and the distortion due to curd formation is recorded. In a 
thrombelastograph, a stainless steel cylinder is immersed into the milk sample. The 
container with milk sample, oscillates and the stress is recorded by the instrument. 
Richardson et al. (1971) described the use of a Brookfield L VT -Helipath 
viscometer to measure the curd tension continuously during milk coagulation. A 
modified TF spindle was used. The spindle is moved up and down at 2.5 em/min. 
while it is rotating. This spindle was calibrated using the Brookfield Silicone 
standard fluid (H-1) so that the results can be reported in viscosity units (centipoise 
or dyne-centimeter). Kowalchyk and Olson (1977) used a very similar instrument to 
study the effects of pH and temperature on milk coagulation by rennet. 
Viscosity changes little until near coagulation time, then it increases abruptly. 
Extension of the upward curve intersects with the extension of the base curve. 
Kopelman and Cogan (1976) defined the intersection point as the coagulation time. 
Marshall et al. (1982) used a vibrating-reed viscometer to monitor milk 
coagulation. An electronic control unit causes the sensing probe to vibrate by 
sending pulses to the magnetostrictive element of the probe. If the probe is placed in 
liquid, the power to vibrate the probe increases due to the damping effect. 
McMahon and Brown (1982) compared milk coagulation results obtained with 
the Formagraph, rolling bottles, and viscometer and found that clotting points 
detected by each of these methods are different. The rolling bottle method gives the 
earliest clotting point, and the Formagraph gives the latest clotting point. However, 
they all have good precision. 
Turbidity. Monitoring changes of turbidity after enzyme addition to milk is a 
sensitive method to study milk coagulation (McMahon et al., 1984b; Surkov et al., 
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1982). Clotting point detected using turbidity occurs earlier than the one by the 
rolling bottle method. Micelle aggregation occurring before coagulation can be 
observed. Most researchers use diluted milk samples when using turbidity methods 
to follow milk coagulation (Dalgleish, 1979; Surkov et al., 1982), but it can be done 
with undiluted milk (Figure 2) (McMahon et al., 1984b). McMahon et al. (1984b) 
defined the coagulation point as the maximum of the first derivative of the turbidity 
curve, i.e. the inflection point of the turbidity curve. McMahon et al. (1984a) 
showed that the actual milk coagulation time (t) defined by Payens (1976) occurs at 
the inflection point of the turbidity curve. Therefore, this method measures the 
actual milk coagulation time. It has the advantage of being nondestructive so the 
gels thus formed can be used for other purposes, such as studying gel microstructure 
by electron microscope. 
Light Transmission. Bringe and Kinsella (1986c) evaluated the use of a platelet 
aggregometer to monitor chymosin-triggered coagulation of milk. The principle of 
this instrument is to measure light transmission. As casein micelles coagulate, 
transmitted light decreases. Coagulation time is defined as time required to reach a 
minimum transmission. The coagulation curve cannot be compared with that 
obtained with the turbidity method of McMahon et al. (1984b) since diluted samples 
are used in the Bringe and Kinsella ( 1986c) method. 
Reflection Photometry. Reflectometer has been widely used in quality control in 
the food industry. In recent years, this technique has been applied to measure milk 
coagulation. During milk coagulation, the lightness of the milk changes. This 
lightness change can be monitored with a reflectometer. Hardy and Fanni (1981) 
first used the lightness measurement to monitor milk coagulation. Results showed 
that lightness changes long before the visible coagulation point. If CaC12 is added, a 
sharp shoulder occurs on the curve. The visible coagulation time is at the top of the 
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Figure 2. Milk coagulation measured by turbidity method (McMahon 
et al., 1984b ). 1: is the inflection point which is defined as 
coagulation time and F is Formagraph coagulation time (r in 
Figure 1). 
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shoulder. Like the turbidity method, reflection measurement has the advantage of 
being nondestructive. This method can be coagulation time is at the top of the 
shoulder. Like the turbidity method, reflection measurement has the advantage of 
being nondestructive. This method can be integrated into robot systems so that milk 
coagulation tests can be run automatically. An instrument named Omnispec is 
capable of doing many microbiological tests and enzymatic analysis as well as milk 
coagulation tests, using the principle of light reflection (Richardson, personal 
communication). 
Refractive Index. When a beam of incident light hits an object, part of it is 
reflected, part of it is absorbed, part of it is transmitted, and part of it is refracted. 
The refracted part is bent downward so it is not at the same angle as the incident ray 
(Pomeranz and Meloan, 1978). Extent of refraction is a characteristic of a substance. 
Refractive index is defined as the ratio of the speed of light in vacuum to the speed 
of light in a substance. Measurement of the extent of bending of incident light gives 
the measurement of refractive index (Sherbon, 1988). As milk coagulates, it changes 
from a liquid to a semisolid and its refractive index increases. This change can be 
easily measured by a refractometer (Koiolczuk and Maubois, 1988). A curve very 
much like the turbidity curve (McMahon et al., 1984b) and reflection curve (Hardy 
and Fanni, 1981) is obtained, except there is no shoulder on the curve in the region 
of coagulation point even with addition of calcium (Korolczuk and Maubois, 1988). 
Thermal Conductivity. A method which measures the change of heat conduction 
during milk coagulation has been developed (Hori, 1985). A platinum wire (.1 mm 
x 106 mm) is immersed in milk. A direct electrical current, . 7 A, passes through the 
wire, and the temperature of the wire is recorded automatically. After addition of 
rennet, the temperature remains constant for a period of time. As milk starts to 
coagulate, heat transfer from the wire decreases and the temperature of the wire 
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increases, then levels off as the gel firms. This method detects the clotting time and 
gives a coagulation curve similar to the one obtained from the Formagraph. If 
enzyme is added and milk is stirred, temperature of the wire decreases. This shows 
up on the recorded curve. This is a continuous, nondestructive method that is easy to 
automate. 
Electron Microscopy. Electron microscopy can be used to study milk 
coagulation (Green et al., 1978; Green and Morant, 1981). It has the advantage of 
looking at coagulation at micellar level. Sample preparation is lengthy, particularly 
if freeze-fracture is used. Because of low resolution, electron microscopy is not a 
sensitive method to follow milk coagulation. Degree of aggregation is often 
underestimated because whether or not a chain of casein micelles appears as a chain 
depends on the angle of sample sectioning. The spectrophotometer method of 
McMahon et al. (1984b) shows an increase in apparent absorbance at 12% of 
clotting time, but electron microscopy does not show aggregation until about 60% of 
clotting time (Green et al., 1978). 
Since each method uses a different point as the coagulation time and often uses 
different substrate and experimental conditions, direct comparison among all the 
methods is not possible. 
Factors Affecting Milk Coagulation 
Enzymic coagulation of milk involves enzymic reaction and nonenzymic 
reaction. Many factors, such as pH, temperature, calcium ion concentration, can 
affect coagulation. Numerous studies have been done on this and some of them are 
reviewed and discussed here. 
Enzyme Concentration and Enzyme Types. Enzyme concentration affects the 
primary phase of coagulation. According to the Michaelis-Menten theory, 
V = Kcat [Eo] [S] 
Km + [S] (11) 
where Kcat is the catalytic rate constant, Eo is the enzyme concentration, S is the 
substrate concentration (Payens, 1976). 
Storch and Segelcke (1874) first proposed that the product of coagulation time 
(tc) and enzyme concentration ([E]) is a constant. That is to say, there is a linear 
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relationship between milk coagulation time and the inverse of enzyme concentration. 
However, the theory proposed by Storch and Segelcke (1874) does not fit the 
experimental results under all conditions. Later, Holter (1932) added a correction 
term in the equation so that : 
(12) 
The correction term, x, is due to the lag time in the aggregation phase. Foltmann 
(1959) rearranged this equation to a familiar form: 
1 
tc = k ([E)) + x (13) 
Storry and Ford (1982b) showed that increase of rennet concentration results in a 
decrease of coagulation time. McMahon and Brown (1983) used the Formagraph 
method to develop an empirical linear relationship between tc and 1/[E]: 
1 
tc = .0754 ([E]) + .685 (14) 
Carlson et al. (1987c) studied this relationship with the Formagraph. They found 
that both k and x are temperature dependent. Brown and Collinge (1986) studied 
this relationship with a spectrophotometer method and showed that: 
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1 tc = .08 ([E]) - .03 (15) 
They pointed out that the intercept in this empirical equation is within experimental 
error of zero and concluded that any difference from zero is an artifact of the method 
used to measure coagulation. This fits exactly what Storch and Segelcke (1874) had 
predicted. Even though the intercepts of the two empirical equations (using two 
different methods to measure coagulation) are different, the slopes of these two 
equations are similar. This indicates that the spectrophotometer method is a better 
method to study this relationship. 
Storry and Ford (1982b) showed that rennet concentration has little effect on 
firming rate and coagulum strength. Dalgleish et al. (1981) demonstrated that 
concentration of rennet barely affects the coagulation rate constant (Ks)· Therefore, 
enzyme concentration has little direct effect on the secondary phase of coagulation. 
However, enzyme concentration affects the production of reactive micelles, which 
does affect the aggregation rate. 
There are many types of commercial milk coagulants. The choice of coagulant 
is important in cheese making because it affects curd firming rate (McMahon and 
Brown, 1985; He and Brown, unpublished data). McMahon and Brown (1985) 
showed that curd firming rates are different with different enzyme preparations. The 
order of curd firming, from the greatest to the least, is: chymosin > calf rennet > 
Mucor miehei protease> Mucor pusillus protease> adult bovine rennet> calf 
rennet-porcine pepsin (50:50) >bovine pepsin (also see Figure 3). This is related to 
the extent of proteolysis of casein caused by each enzyme preparation. However, 

Figure 3. Effect of different milk coagulants on curd firming rate in 
Berridge substrate (12 g NDM/100 ml .01 M CaCl2) monitored 
using a Formagraph. Coagulation time of all samples was 
5 ± .23 min (Bars are standard deviations). (He and Brown, 
unpublished data). 
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Endothia parasitica proteases, which have the highest proteolytic activity compared 
to those listed above, give the highest curd firming rate (Figure 3) (He and Brown, 
unpublished data). It has been shown that chymosin, bovine pepsin, porcine pepsin, 
M. miehei proteases and M. pusillus proteases all cleave Phews-Met106· However, 
E. parasitica proteases cleave Seq04-Phews. which removes a very hydrophobic 
residue from para-K-casein (Dr(l!hse and Foltmann, 1989). The importance of this to 
gel formation or firming rate has not been determined. Shaker and Brown (1985) 
found that calf rennet, bovine rennet or modified M. miehei proteases cause less loss 
of protein to the whey than M. miehei proteases and calf rennet-porcine pepsin 
mixture. Kowalchyk and Olson (1979) reported no significant differences in curd 
firming rate by four types of enzyme, rennet, chymoset (rennet and porcine pepsin 
mixture), M. miehei proteases and M. pusillus proteases, at pH 6.5 and 30"C. 
However, at pH 6.7 and 30"C and 6.5 and 34"C, gel formed by Mucor proteases has 
a lower firming rate. 
Casein Composition and Casein Micelle Size. Many studies have shown that 
casein micelle size and casein composition affect milk coagulation. Micelle size 
varies (Ford and Grandison, 1986) from 125 to 350 nm in diameter. McGann et al. 
(1980) used controlled-pore glass (CPG-10, 300 nm) to separate casein micelles into 
different sized groups. Micelles up to 680 nm in diameter were detected by electron 
microscope. Micelle size is related to casein composition. Smaller micelles have a 
higher content of K-casein (Dalgleish et al., 1981; McGann et al., 1980). The 
relationship between K-casein content and micelle surface-volume ratio is linear. 
This relationship holds for both synthetic and natural micelles (McGann et al., 
1980). Ekstrand and Larsson-Raznikiewicz (1978) found that as1-casein content is 
almost constant in large and medium size micelles. 
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Controversies exist in coagulation of different size casein micelles. Ford and 
Grandison ( 1986) found that there is little difference in clotting time between large 
and small micelles, but coagulum strength of small micelles is almost twice that of 
large micelles. Ekstrand et al. (1980) found that small micelles have an increased 
coagulation time. They attributed this to the increase of ~-casein content in small 
micelles (Ekstrand and Larsson-Raznikiewicz, 1978). Ekstrand et al. (1981) 
reported that samples with medium amounts of large micelles coagulate faster than 
those with small amounts of large micelles, but those with large amounts of large 
micelles coagulate slowly. Dalgleish et al. (1981) found that the Smoluchowski 
aggregation rate constant is independent of casein micelle size. 
Mazziali and Ng-Kwai-Hang (1986) reported that an increase of as-,[}- and 
K-caseins decreases coagulation time and cutting time. Pearse et al. (1986) reported 
similar results. Increase of ~-casein concentration also increases rate and extent of 
syneresis. Okigbo et al. ( 1985b) studied the casein composition of milks of different 
coagulation properties. Samples coagulating quickly but developing weak curd had 
high contents of y-casein and degraded caseins compared to average coagulating 
milk. Milk with long coagulation time and weak curd had high content of y- and 
degraded caseins, and a lower content of[}- and K-caseins. Samples not coagulating 
in 30 min had low contents of as-, [}-, and K-caseins and high y-casein content. 
Using artificial micelles, Pearse et al. ( 1986) found that levels of as-, [}-, and 
K-caseins affect coagulation. Increase of K-casein concentration in artificial micelles 
from 3.1 to 4.3 mglml reduces the coagulation time by 18%, while decreasing its 
concentration from 3.1 to 1.8 mglml increases the coagulation time by 72%. Varying 
levels of ~-casein has a similar effect but with a much smaller amplitude. Increase 
of as-casein has little effect on coagulation time while decrease causes reduction of 
coagulation time. 
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Dephosphorylation of casein delays its coagulation (Hsu et al., 1958; Pearse 
et al., 1986; Yamauchi and Yoneda, 1978). Pearse et al. (1986) found that partial 
dephosphorylation of casein micelles or incorporation of dephosphorylated 13---casein 
has adverse effects on both coagulation time and syneresis. They concluded that 
phosphate groups, particularly those of ~-casein, are directly involved in the 
micelle-micelle interactions which occur during coagulation and syneresis. 
Yun et al. (1982) modified ~-casein with trypsin, chymosin or phosphoprotein 
phosphatase. Modified ~-caseins were added to the test milk. Chymosin-modified 
~-casein lacks the hydrophobic moiety at the C-terrninal and increases curd tension 
like native ~-casein. Trypsin removes part of the N-terrninal hydrophilic moiety, 
and modified ~-casein has no effect on curd tension. Addition of dephosphorylated 
~-casein into test milk produces a softer curd than that of native !3-casein. This 
indicates that the phosphoryl group on the hydrophilic moiety of !3-casein contribute 
to the increase in curd tension. Hill and Craker (1968) used dimethylaminon-
aphthalene sulphonyl chloride to substitute the lysine side chains of the K-casein 
fraction. This level of substitution (2-3 lysine residue perK-casein molecule) does 
not affect the chymosin hydrolysis and K-casein's stabilizing effect to as- and 
~-caseins in presence of calcium. However, this level of modification inhibits 
coagulation completely. Modifications of arginine residues in K-casein also inhibit 
coagulation (Hill, 1970). 
Substrate Concentration. Dilution of milk increases clotting time (Dalgleish, 
1980b; McMahon and Brown, 1984b; Payens, 1984). However, reports on effect of 
concentration of milk or milk components on coagulation time are controversial. 
Mehaia and Cheryan (1983b) reported that clotting time decreases linearly as 
protein concentration of milk is increased up to about 12%. Increase of enzyme 
concentration reduces clotting time, but does not change the pattern of clotting time 
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versus protein concentration. Reuter et al. (1981) reported a similar dependence of 
clotting time on protein concentration. Green et al. (1981) reported that curd 
formation during cheese making is faster when using concentrated milk. 
Contrary to these findings, some researchers have reported that clotting time 
increases for concentrated milk. Darling and van Hooydonk's mathematical model 
(Equation 1 0) for milk coagulation predicts that coagulation time decreases to a 
minimum with increase of milk concentration; then further increase in milk 
concentration results in a slow increase in coagulation time. This prediction agrees 
with their experimental results (Darling and van Hooydonk, 1981). 
Cu1ioli and Sherman (1978) found that clotting time increases with protein 
content and the protein effect on clotting time decreases with increasing rennet 
concentration. They found that protein concentration does not have any effect on 
clotting time at 200 mg rennet per kilogram of sample. Garnot et al. (1982) also 
reported a slow increase in clotting time upon concentrating milk samples. 
Some other researchers find that concentrated milk has little effect on milk 
clotting time. Dalgleish (1980b) reported that concentration of milk by ultrafiltration 
up to three times its original concentration has little effect on milk clotting time. His 
results fits his proposed coagulation model well. Payens (1984) reported a similar 
result. 
Other researchers have found that effects of concentration of milk on clotting 
time is pH dependent. Lucisano et al. (1985) reported that clotting time remains 
constant as protein concentration increases up to 7%; then it decreases at higher 
protein concentrations. He said that pH has a much greater effect than concentration 
on coagulation time. Change of pH also changes the effect of concentration. Slight 
acidification (to pH 6.3 and 6.5) makes the effect of concentration greater. At lower 
pH, clotting time decreases as protein concentration increases. 
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Temperature. Temperature affects milk coagulation. Mehaia and Cheryan 
(1983a) reported that the temperature coefficient (QIO) for the primary phase of milk 
coagulation is 5.71 between 20 and 30"C and 5.27 between 30 and 40"C. 
Nitschmann and Bohren (1955) reported that the QIO of the primary phase is 1.8-2.0 
between 1 and 30"C. Between 20 and 50"C, QIO is 11-12 for the secondary phase of 
milk coagulation (Cheryan et al., 1974). If temperature is low (<8"C), there is no 
coagulation (McMahon and Brown, 1984b). This can be used together with 
immobilized enzymes to separate the two phases of coagulation for study and to 
develop continuous coagulation processes (Cheryan et al., 1974). 
As temperature increases from 20 to 40"C, there is an increase of finning rate, 
and the temperature effect is greater than the pH effect (Kowalchyk and Olson, 
1977; Storry and Ford, 1982b). Cheryan et al. (1974) studied the effect of 
temperature on secondary phase on coagulation. They found that: 
tc =A ekT (16) 
where T is temperature ("C), k is a constant and A is a value depending on the 
activity of the enzyme and pH of the system. Storry and Ford (1982b) found that 
increase of temperature decreases the coagulum strength. Studying the kinetics of 
aggregation, Dalgleish (1983) reported that the coagulation rate constant is low at 
25"C or below and increases with temperature so that at 60"C the particles aggregate 
at almost the maximum rate permitted by diffusion. 
Pre-heat treatment also affects coagulation. Increase of temperature from 25-
50"C and prolonged heating delay clotting. Excessively heated milk does not clot 
(Ustunol and Brown, 1985). 
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Cold storage of milk delays enzymic coagulation (Qvist, 1979). This is due to 
the disintegration of casein micelles at low temperature. Repasteurization after cold 
storage partly reestablishes the coagulation properties of the milk. 
QH. Lowering pH increases milk serum calcium concentration due to 
solubilization of colloidal calcium phosphate. Acidification with trisodium 
citrate/citric acid maintains the Ca2+ concentration in the sample. This acidification 
retards coagulation and the milk does not clot at pH < 6.4 (Shalabi and Fox, 1982). 
If acidification is done with HCl, which cannot chelate calcium ions, calcium ion 
concentration in milk serum increases at the cost of decrease of colloidal calcium 
phosphate. This acidification decreases coagulation time (Cheryan et al. , 1974; 
Mehaia and Cheryan, 1983a; Shalabi and Fox, 1982; Storry and Ford, 1982b). 
Acidification with HCl increases coagulum strength and firming rate (Storry and 
Ford, 1982b). Shalabi and Fox (1982) reported that increase of pH from 6.8 to 7.0 
slightly increases the coagulation time. 
The pH of milk is also very important to the activity of milk clotting enzymes. 
Chymosin and most of the other milk clotting enzymes are acid proteases with acidic 
optimums. 
Ions. Calcium is the most important ion related to coagulation. Addition of 
calcium decreases coagulation time and increases gel firming rate (Bringe and 
Kinsella, 1986a; Dalgleish, 1983; Kowalchyk and Olson, 1979; McMahon et al., 
1984c; Storry and Ford, 1982b). Dalgleish (1983) showed that coagulation rate 
becomes independent of calcium ion concentration at high temperatures. At 
moderate temperatures, calcium increases the coagulation rate constant (K5) 
considerably (Dalgleish, 1983). Commercially, .02% of anhydrous CaCl2 is allowed 
to be added to milk for cheese making (United States Code of Federal Regulations, 
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1979). This practice reduces the amount of rennet added to cheese milk and shortens 
cutting time. 
McMahon et al. ( 1984c) found that the effect of addition of CaC12 on milk 
coagulation is concentration dependent. Low concentrations of calcium decrease 
coagulation time but high concentrations (>.4 M) retard coagulation. The enhancing 
effect reaches a maximum at .05 M calcium. Bringe and Kinsella (1986a) also 
reported this phenomenon. 
There is still some controversy over whether the effect of calcium is on just the 
secondary phase or on both phases. Bringe and Kinsella ( 1986a) found that low 
concentrations of CaC12 enhance the rate of lC-casein hydrolysis, but high 
concentrations retard the enzymic action. However, Mehaia and Cheryan ( 1983a) 
showed that the primary phase is independent of calcium concentration. McMahon 
et al. (1984c) indicated that calcium concentration changes the ionic strength of milk 
and thereby affects enzyme activity. 
As calcium and other cations are added, anions are added at the same time. 
Different kinds of anions do not have the same effect on milk coagulation. Bringe 
and Kinsella (1986b) showed that anions could affect both the enzymic activity and 
aggregation. The effectiveness of inhibition is in the order of : SCN- > N03- > Br-
> CC This effect is related to the sizes of ions. 
Addition of phosphate has a similar effect to that of calcium. At low 
concentration, it enhances coagulation; at high concentration, it retards coagulation 
(McMahon et al., 1984c). 
Ionic strength is changed with addition of salts. This affects enzyme activity 
(McMahon et al., 1984b). Ionic strength also affects rate of aggregation. Dalgleish 
(1983) reported that at low temperature the coagulation rate constant decreases with 
increase of ionic strength. 
Other Factors. Many other factors can change the coagulation properties of 
milk. These are briefly discussed here. 
Somatic cell count has significant effect on milk coagulation properties. Ali 
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et al. ( 1980) found that rennet clotting time, losses of fat in whey, curd moisture, 
losses in curd yield and rigidity are all greater for milk with higher somatic cell 
counts. Grandison and Ford (1986) reported that high somatic cell counts in milk 
are related to reduction in coagulum strength and increase of cheese moisture, but 
that clotting time is unaffected. Brown ( 1981) showed that clotting time is 
unaffected by somatic cell counts up to 5 million/ml, but that cutting time increases 
four-fold and the curd has a weak body. 
Enzymic coagulation of milk is also affected by fatty acids (Jenkins and 
Emmons, 1983). Propionic, butyric, caproic, and heptanoic acids are relatively 
ineffective in inhibiting clotting of reconstituted skim milk powder. Caprylic, 
myristic, oleic, linoleic and linolenic acids are highly effective. Capric, lauric and 
pelargonic acids are even more effective. Old milk with milk fat that has been 
hydrolyzed by lipase has poor coagulation properties. 
Chelating agents such as phytic acid and EDT A inhibit coagulation. This 
inhibition can be minimized by adding calcium (Jenkins and Emmons, 1983). These 
chelating agents bind calcium and reduce the availability of calcium for coagulation. 
Milk clotting properties are related to seasons of the year and individual cows. 
Rennet coagulation time of milk does not vary markedly at various seasons, but milk 
in June has a much lower firming rate than that in the other periods of the year 
(Kowalchyk and Olson, 1979). Milk samples from different cows show different 
coagulation properties. Okigbo et al. (1985a) obserwed significant variation in 
coagulation time and curd firmness in relation to period of lactation, individual cows, 
and pH of the milk. The mean coagulation time increases as lactation progresses. 
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Early-lactation milk coagulates early, but curd development is slow. Mid-lactation 
milk coagulates at a longer time, but the curd firming rate is higher. Late-lactation 
milk samples have long coagulation times and form weak curd. As the lactation 
moves toward the dry time a higher percentage of milk samples do not coagulate. 
Cheese making procedures might need to be adjusted depending on the time of the 
year. 
Measuring Hydrolysis 
Many methods can be used to measure proteolysis of caseins. Some are more 
specific and more reliable than others. 
Nonprotein Nitrogen. Nonprotein nitrogen (NPN) has been widely used to 
follow proteolysis (Mehaia and Cheryan, 1983c). Trichloroacetic acid (TCA) 
precipitates large peptides so soluble peptides can be measured by nitrogen 
determination. Green et al. (1978) measured absorbance at 217 nm to determine 
soluble peptides in 12% TCA. Amount of peptides cannot be quantified by reading 
absorbance at 280 nm because macropeptides do not contain aromatic amino acid 
(Table 1 ). The amount of pep tides can also be measured by the Kjeldhal nitrogen 
method. These methods of measuring amount of peptides are simple but not as 
sensitive as fluorescence or amino acid analysis. 
Electrophoresis. Electrophoresis is another method to follow proteolysis of 
caseins. This method is more complicated and can measure specifically the 
proteolysis of K-casein. Dalgleish (1979) used paper electrophoresis to measure the 
amount of para-K-caseins produced from enzymic action. All the caseins are 
negatively charged except para-K-casein, which is positively charged at pH 8. So, 
para-K-casein is the only one to move toward the cathode and can be easily separated 
from other caseins. Based on this, an anionic exchange column could be chosen 
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Table 1. Amino acid composition of macropeptide from x:-casein A 
(Swaisgood, 1985) 
Amino Acid Number in Macropeptide Molar % of the total 
Asp 5 7.8 
Thr 12 18.8 
Ser 6 9.4 
Glu 10 15.6 
Pro 8 12.5 
Gly 1 1.6 
Ala 5 7.8 
Cys 0 0 
Val 6 9.4 
Met 1 1.6 
Ile 6 9.4 
Leu 1 1.6 
Tyr 0 0 
Phe 0 0 
Trp 0 0 
Lys 3 4.7 
His 0 0 
Arg 0 0 
Total 64 100 
such that positively charged para-K-caseins are not absorbed to the column and are 
eluted first. 
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Gel electrophoresis (Carlson et al., 1987b) and SDS polyacrylamide gel 
electrophoresis (Brinkhuis and Payens, 1985) can also be used to measure 
production of para-K-casein. The drawback of electrophoresis methods is that they 
are better for qualitative than quantitative analyses. Quantitative measurements by 
electrophoresis are inaccurate because of the opacity of the gels and 
irreproducibilities encountered with staining and destaining process (Brinkhuis and 
Payens, 1985). Also, in most cases the sample from electrophoresis is irreversibly 
stained and cannot be collected for further study if needed. 
High-performance Liquid Chromatography. High-performance liquid 
chromatography (HPLC) is a rapid and nondestructive way to separate milk proteins. 
Reproducibility of peak area and retention time is good. Using a size-exclusion 
column, Bican and Blanc (1982) separated whey proteins into seven fractions. Morr 
(1985) used a reverse-phase column to study different types of whey protein 
concentrate. Using an ion-exchange column, Humphrey and Newsome (1984) 
successfully separated different caseins. a-caseins are separated into aso-, as1- and 
as2-caseins. K-caseins can be separated into at least three distinct fractions. 
Recoveries of as I- and !)-caseins are 96%. Andrew et al. (1985) reported similar 
results. 
van Hooydonk and Olieman (1982) used HPLC to follow the action of 
chymosin in milk. They measured increase in glycomacropeptide concentration in 
TCA-soluble peptide solutions during K-casein hydrolysis. Many modes of 
separation can be used with HPLC, for example, ion-exclusion, reverse-phase 
(hydrophobic interaction), and ion-exchange (Regnier and Gooding, 1980). 
Fractions can be collected for additional testing. 
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Measuring the peptides released by enzymes is another way of following 
hydrolysis. Fluorescamine can react with amino acids, peptides, proteins and 
primary amines to form fluorescent compounds. The resulting fluorescence is 
proportional to the amount of amine present. This method is sensitive to the 
picomole range, and the fluorophors are stable for several hours (Udenfriend et al., 
1972). Amino acid analysis can be used to measure the amount of peptides. To 
measure amino acids of peptides, the sample must be hydrolyzed to individual amino 
acids. 
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OBJECITVES 
The influence calcium on enzymic coagulation of milk has been known for 
many years. In research involving use of milk clotting enzymes, Berridge substrate 
(Berridge, 1952) has been widely used. It is made by dispersing 12 glow heat 
nonfat dry milk powder in 100 m1 with .01 M CaCh solution. This substrate has 
become a standard for comparing clotting activity because it gives a shorter 
coagulation time and better repeatability than milk. It is common practice for cheese 
makers to add some CaC12 to cheese milk to obtain better curd development and to 
reduce the amount of rennet required to clot the milk. 
Studies have been done on the effects of CaC12 on the enzymic and non-enzymic 
phases of milk coagulation (Bringe and Kinsella, 1986a; Dalgleish, 1983; Green and 
Marshall, 1977). Only diluted milk samples or diluted casein samples have been 
used. Using very dilute samples, enzymic hydrolysis is nearly finished before 
aggregation can be observed (Dalgleish, 1979). The application of such findings, 
however, requires their extrapolation to the normal (undiluted) concentration of milk. 
The validity of this assumption has not yet been demonstrated. 
So, the objectives of this study are to: 
1. Determine the effects of added CaC12 on the enzymic and non-enzymic 
phases of milk coagulation. 
2. Determine the percent hydrolysis of K-casein that has occurred at the 
coagulation point of milk with different substrate concentrations and the 
effect of adding CaCI2 on the location of this point. 
2. Apply the observations from objectives 1 and 2 to enhance the understand 
of casein micelle aggregation at different percentages of enzymic 
hydrolysis of K-casein. 
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MATERIALS AND METHODS 
Materials 
Ion-exchange purified rennet containing >95% chymosin (E.C.3.4.23.4) was 
obtained from New Zealand Cooperative Rennet Co., Ltd, Eltham, New Zealand. 
Reagent grade CaC12 and trichloroacetic acid (TCA) were purchased from 
Mallinckrodt, Inc., Paris, Kentucky. Pepstatin A was purchased from Sigma 
Chemical Company, St. Louis, Missouri, and dissolved in methanol. All chemicals 
used in amino acid analysis were from Beckman Instruments, Inc., Palo Alto, 
California. 
Effects of Added CaC12 on Coagulation 
Time and Gel Firming Rate 
Berridge types of substrate were made with CaC12 concentrations from .002 to 
.800 M. Twelve grams of nonfat dry milk (NDM) was dispersed in 100 ml CaC12 
solution and stored at 4"C overnight. Coagulation time was measured by a turbidity 
method using a Beckman DU-8B UVNis Spectrophotometer connected to a 
Tektronix 4025 computer (McMahon et al., 1984b). Twenty microliters of chymosin 
was added to a .5 em pathlength cuvette containing 1 ml substrate. The chymosin 
solution had the strength of 1.538 rennin units (RU)/ml as measured using the 
method described by Ernstrom (1958). Turbidity change was recorded at 600 nm. 
The Formagraph method was used to measure curd firming rate which is expressed 
as 1/k20 (McMahon and Brown, 1982). Temperatures were kept constant at 37"C 
during experiments. 
Effects of Added CaCI2 on Chymosin 
Activity and Percent Hydrolysis at 
Coagulation Point 
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A 3 x 4 factorial experiment was designed with three levels of substrate 
concentration and four levels of CaC12 concentration. The three substrate 
concentrations were 4, 12 and 36 g NDM powder made to 100 m1 of solution. The 
four CaC12 concentrations were 0, .01, .05 and .10M. Coagulation of each sample 
was monitored by measuring turbidity as described above. A flask containing 
100 m1 substrate was equilibrated in a 37"C water bath for 1 h. Two milliliters of 
enzyme solution (.384 RU/ml) was added to the flask. After quickly mixing, 1 m1 of 
the mixture was added to a .5 em pathlength cuvette and coagulation of the sample 
was monitored by spectrophotometer at the same temperature as described above. 
The rest of the mixture was divided into 5 m1 aliquots in test tubes which were 
in the same water bath. Enzymic hydrolysis was stopped at different times by 
adding 2.5 rn124% TCA into the test tubes. Final concentration of TCA was 8%. 
The mixtures were filtered with Whatman #5 filter paper. An aliquot of each filtrate 
was collected and freeze-dried in an amino acid analysis hydrolysis ampule. 
6 N HCl (Table 2) was added to the ampule, then the ampule was degassed in a 
ultrasonic water bath for 3 min and sealed under N2. The samples were then 
hydrolyzed at 110"C for 21 h. Each hydrolysate was dried and 250 J..Ll of Na-S buffer 
was added. Amount of filtrate freeze-dried, acid added and hydrolysate dried are 
shown in Table 2. 
Samples were analyzed by Beckman High Performance Analyzer, System 6300 
by injecting 50 J..Ll into an ion-exchange column. Total amount (nanomoles) of seven 
amino acids (Asp, Ser, Thr, Glu, Val, Ile, and Pro) per milliliter of filtrate was 
reported. A curve for hydrolysis was obtained as shown in Figure 4 (more examples 
in APPENDIX 1), by fitting data using a SAS nonlinear enzyme kinetics curve-
fitting program (Brown, 1978). This program gives the rate and the maximum value 
Table 2. Amount of filtrate dried, amount of acid (6 N HCl) added 
and amount of hydrolysate dried to prepare TCA filtrate 
of reconstituted skim milk for amino acid analysis. All 
samples were diluted to 250 J.il. 
Substrate Filtrate Dried 
(g NDM/100 rnl) (rnl) 
4.0 
12.0 
36.0 
2.0 
1.0 
.75 
HCL Added Hydrolysate Dried 
(rnl) (J.il) 
.3 
.4 
.5 
20.0 
30.0 
10.0 
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Figure 4. Progress of milk coagulation and enzymic hydrolysis at 3TC. 
Substrate contained 12 g NDM per 100 m1 .01 M CaC12 solution. 
Amount of chymosin added: .00768 RU/ml substrate. Turbidity 
was measured at 600 nm. Enzymic hydrolysis was measured by 
amino acid analysis of filtrates after TCA precipitation. 
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of hydrolysis. Taking the inflection point of the turbidity curve as the coagulation 
time and substituting it into the equation obtained from the nonlinear fitting of amino 
acid data, the hydrolysis at the coagulation point was calculated. Percent hydrolysis 
at the coagulation point was obtained by dividing the hydrolysis at the coagulation 
point by the maximum hydrolysis. All experiments were run in duplicate. 
Effects of Added CaCI2 and Ionic 
Strength on K-casein Hydrolysis 
To understand what added calcium does in Berridge substrate, the following 
experiment was designed. Substrates and enzyme solutions were prepared the same 
way as in the first section of MATERIALS AND METHODS, except that calcium 
concentrations of 0, .01, .05, .10, .40, .80 M were used. To 10 rnl of substrate, .2 ml 
of enzyme solution (1.538 RU/ml) was added. The mixture was incubated at 37"C 
for 90 sec. Then 5 rnl of 24% TCA was added to stop enzyme activity and 
precipitate the proteins. Final TCA concentration was 8%. The mixture was filtered 
with Whatman #5 filter paper. An aliquot of 2.5 rnl of filtrate was freeze-dried in an 
amino acid analysis hydrolysis ampule. One milliliter of 6 N HCl was added to the 
ampule which was degassed and sealed under N2 then hydrolyzed at 110·c for 21 h. 
Thirty microliters of hydrolysate was dried and 250 J.ll of Na-S buffer was added. 
Samples were analyzed by Beckman high performance analyzer, System 6300 as 
described above. Experiments were run in triplicate, with two measurements each. 
Experiments were repeated with another set of samples prepared the same way, 
except the pH of each sample was adjusted to 6.7 with NaOH. These experiments 
were run in duplicate, with two measurements each. 
To study effects of ionic strength on rate of hydrolysis by chymosin, sodium 
chloride solutions were prepared at the same ionic strengths as the CaC12 solutions 
above. Twelve grams of NDM was dispersed in 100 rnl of NaCl solution. 
Experimental procedures were the same as those described above. Experiments 
were run in duplicate, with two measurements each. 
Effect of Added CaCI2 on Micelle 
Aggregation 
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Twenty-four grams of NDM was dispersed in 100 ml distilled water and stored 
at 4 ·c overnight. CaC12 solutions with concentrations of 0, .02, .10, .20, .80 and 
1.6 M were prepared and stored in an ice bath. A test tube containing 7 ml substrate 
was placed in an ice bath and .14 ml chymosin solution (.769 RU/ml) was added. 
After 30 min, .35 ml pepstatin A (1 mg/ml) was added to stop the enzyme activity. 
Preliminary experiment showed that this amount of pepstatin A was enough to stop 
coagulation (Figure 5). Incubation mixtures were mixed with CaC12 solutions at a 
ratio of 1:1 and stored in an ice bath for 10 min. One milliliter of this mixture was 
added to a .5 em pathlength cuvette placed in the temperature-controlled cuvette 
holder set at 37"C in the spectrophotometer. Sample was warmed, micelle 
aggregation was monitored by the turbidity method described above. Analyses were 
run in duplicate. 
Relationship between Percent Hydrolysis 
and Micelle Aggregation - Pepstatin 
Inhibition Study 
To study the relationship between percent hydrolysis and micelle aggregation, 
pepstatin A was used to stop the chymosin activity at different times during the 
coagulation process. Coagulation was monitored by the turbidity method described 
above. A 3 x 3 factorial experiment was designed with three substrate 
concentrations and three CaC12 concentrations. The three levels of substrate used 
were 4, 12 and 36 g NDM powder per 100 ml solution. Three concentrations of 
CaC12 were .01, .05 and .10M. One milliliter of substrate at 37"C was added to a 

Figure 5. Inhibition of chymosin clotting activity (.0158 RU/ml substrate) 
by .0476 mg pepstatin A/ml substrate (12 g NDM/100 ml .01 M 
CaCl2) as shown by lack of change in turbidity after enzyme 
addition to Berridge substrate. The lower curve had inhibitor 
added and the upper one had no inhibitor added. 
47 
~------------------------~------------~----~ g 
I '<: N 
I 
l 
I 
I 
I cc -
I "'"""' c:: 
! .E '-" 
i II) 
l E ~ 
J 
I N 
-I 
I 
! 
I 
\Q 
48 
cuvette with a .5 em pathlength. After zeroing the spectrophotometer with this 
sample, 20 ~1 of chymosin solution (.384 RU/ml) was added to the cuvette and 
mixed. Turbidity was recorded as described above. At various times after chymosin 
addition, 30 ~1 of pepstatin A (1 mg/ml) was added. The sample was quickly mixed 
and the cuvette replaced in the spectrophotometer and monitoring of turbidity 
continued. An abrupt increase of turbidity reading occurred when the 
spectrophotometer sample door was opened. After the door was closed, turbidity 
readings returned to normal. This also marks the point where pepstatin was added. 
The same method described above was used to calculate the percentage of hydrolysis 
at the point where pepstatin was added. 
Statistical Analysis 
Statistical analysis was done using the General Linear Models (GLM) procedure 
of SAS. Analyses of variance (ANOV A) was done on the results of the 3 x 4 
experiment designed to determine the effects of substrate concentration (Sub) and 
added CaCl2 concentration (Ca) on percent hydrolysis using the model: Hydrolysis 
(%) = f(Sub, Ca, Sub x Ca, Error) (Tables 5-7 in APPENDIX 2). The same 
procedure and model were used to analyze the data from the 3 x 4 experiment 
designed to determine the effects of substrate concentration and added CaC12 on 
hydrolysis rate. One way analysis of variance was done separately on the results 
obtained from experiments investigating the effects of added CaCl2 on enzymic 
hydrolysis with no pH adjustment, with pH adjusted to 6.7, and with added NaCl 
(Tables 8-11 in APPENDIX 2). 
Effect of Added CaCI2 on Milk 
Coagulation 
RESULTS 
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Addition of CaC12 to reconstituted skim milk not only affected coagulation time, 
but also curd firming rate. Adding small amounts of CaC12 decreased coagulation 
time to a minimum between .03 and .05 M CaC12. Adding more calcium led to a 
slower coagulation (Figure 6). The same pattern was observed for the effect of 
calcium on curd firming rate (Figure 7). Adding calcium increased the curd firming 
rate, but high levels of calcium decreased the curd firming rate and weakened the 
curd. 
The effect of diluting or concentrating milk samples on percent hydrolysis at 
coagulation time is shown in Figure 8. For diluted samples (1/3 dilution), hydrolysis 
reached about 90% at the coagulation point. In standard samples (12 g NDM/100 
ml), this percentage decreased significantly to about 60% (Table 5 in APPENDIX 2). 
There was no significant difference between percentage of hydrolysis at the 
coagulation point of the stand and concentrated samples (Table 5 in APPENDIX 2). 
Adding CaC12 significantly changed the percent hydrolysis at the coagulation 
point (Figure 9 and Table 5 in APPENDIX 2). Adding CaC12 decreased the percent 
hydrolysis at the coagulation point. The decrease was more dramatic for diluted 
samples. High levels of calcium slightly increased this percentage, but the increase 
was not seen for concentrated samples under the conditions of this study. 
Figure 10 shows the effects of adding CaC12 on the hydrolysis rate of 
reconstituted skim milk by chymosin. For all samples, adding low levels of CaC12 
increased the hydrolysis rate to a maximum, while the rate decreased at higher levels 
of CaC12. Figure 11 shows the effect of adding CaCl2 and NaCl on chymosin 
hydrolytic activity towards reconstituted skim milk. The total amount of seven 

Figure 6. Effect of adding CaCl2 on coagulation time in Berridge substrate 
(12 g NDM/100 ml .01 M CaCl2) at 3TC. Amount of chymosin 
added: .0308 RU/ml substrate. 
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Figure 7. Effect of adding CaCl2 on curd firming rate in Berridge substrate 
(12 g NDM/100 ml .01 M CaCl2) at 37"C. Amount of chymosin 
added: .0308 RU/ml substrate. 
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Figure 8. Effect of substrate concentration on percent hydrolysis at 
coagulation point (1) of skim milk powder reconstituted in 
distilled water. Amount of chymosin added: .00768 RU/ml 
substrate. Bars are standard errors of the means. 
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Figure 9. Effect of added CaCl2 on percent hydrolysis at coagulation point 
in reconstituted skim milk at three substrate concentrations. 
Amount of chymosin added: .00768 RU/ml substrate. Bars are 
standard errors of the means. 
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Figure 10. Effect of added CaCl2 on enzymic hydrolysis rate in 
reconstituted skim milk at three substrate concentrations. 
Amount of chymosin added: .00768 RU/ml substrate. Bars are 
standard errors of the means. 
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Figure 11. Effect of added CaCh; change in ionic strength and pH on 
enzymic hydrolysis in Berridge substrate (12 g NDM/100 ml 
.01 M CaCl2) at 37"C. Ionic strength was changed by adding 
various amounts of NaCl. Amount of chymosin added: 
.0308 RU/ml substrate. Incubation time was 90 sec. Total 
amount of amino acids in the 8% TCA filtrate represents the 
amount of pep tides released by chymosin. Bars are standard 
deviations of each point. 
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amino acids was measured in TCA filtrates. Adding CaC12 up to .05 M increased 
the TCA soluble peptides, which reflects an increase of enzymic hydrolysis. Further 
addition of CaC12 decreased the amount of peptide released. With the pH effect 
removed, only a slight increase of hydrolysis was observed upon adding calcium. 
Addition of NaCl decreased the amount of peptides released. 
Figure 12 shows the effects of added CaC12 on micelle aggregation. Extent of 
K-casein hydrolysis in each sample was the same since incubation times before 
inactivation of the enzyme were the same. Aggregation was monitored as the 
sample was heated in the 37·c spectrophotometer cuvette holder. Temperature in 
each sample was the same because the cuvette holder was controlled at 37"C and 
each sample had been kept in an ice bath. Addition of .01 M CaC12 increased 
aggregation. Addition of .05 and .10M CaC12 had similar effects on micelle 
aggregation as shown by their overlapping aggregation curves in Figure 12. 
Compared to the sample with of .01 M CaC12, they decreased the change in turbidity 
due to micelle aggregation. Addition of more than .40 M CaC12 severely retarded 
micelle aggregation. 
Relationship between Percent Hydrolysis 
and Micelle Aggregation 
Figures 13-21 show the results of the pepstatin inhibition studies. The number 
next to the line indicates percent hydrolysis at the point of pepstatin addition. 
Figures 13-15 are the diluted samples (1/3). Figures 16-18 are the normal sample 
containing 12 g NDM/100 ml CaC12 solution. Figures 19-21 are the concentrated 
samples containing 36 g NDM/100 ml CaC12 solution. The top line represents the 
experiment with no pepstatin A added and the bottom line represents the experiment 
with pepstatin added before addition of enzyme. Even at low percentages of 
hydrolysis of K-casein it was evident that the casein micelles were aggregating. 

Figure 12. Effect of added CaCh on micelle aggregation in Berridge 
substrate (12 g NDM/100 ml.01 M CaCl2). Micelle aggregation 
was monitored by turbidity at 600 nm. Enzymic hydrolysis was 
carried out in an ice bath for 30 min and stopped by addition of 
.0476 mg pepstatin A/ml substrate. CaCh was added after the 
enzymic hydrolysis. Amount of chymosin added: .0154 RU/ml 
substrate. 
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Figure 13. Enzymic hydrolysis and micelle aggregation in modified 
Berridge substrate (4 g NDM/100 ml .01 M CaCh) at 37"C. 
Micelle aggregation was monitored by turbidity at 600 nm. The 
numbers on the right axis are the percent hydrolysis at the time 
of adding .03 mg pepstatin A/ml substrate. Spikes were due to 
opening of the spectrophotometer lid to add inhibitor. Amount 
of chymosin added: .00768 RU/ml substrate. 
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Figure 14. Enzymic hydrolysis and micelle aggregation in modified 
Berridge substrate (4 g NDM/100 ml .05 M CaCl2) at 3TC. 
Micelle aggregation was monitored by turbidity at 600 nm. The 
numbers on the right axis are the percent hydrolysis at the time 
of adding .03 mg pepstatin A/ml substrate. Spikes were due to 
opening of the spectrophotometer lid to add inhibitor. Amount 
of chymosin added: .00768 RU/ml substrate. 
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Figure 15. Enzymic hydrolysis and micelle aggregation in modified 
Berridge substrate (4 g NDM/100 ml .10M CaCh) at 37"C. 
Micelle aggregation was monitored by turbidity at 600 nm. The 
numbers on the right axis are the percent hydrolysis at the time 
of adding .03 mg pepstatin A/ml substrate. Spikes were due to 
opening of the spectrophotometer lid to add inhibitor. Amount 
of chymosin added: .00768 RU/rnl substrate. 
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Figure 16. Enzymic hydrolysis and micelle aggregation in Berridge 
substrate (12 g NDM/100 m1 .01 M CaC12) at 3TC. Micelle 
aggregation was monitored by turbidity at 600 nm. The numbers 
on the right axis are the percent hydrolysis at the time of adding 
.03 mg pepstatin A/ml substrate. Spikes were due to opening of 
the spectrophotometer lid to add inhibitor. Amount of chymosin 
added: .00768 RU/ml substrate. 
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Figure 17. Enzymic hydrolysis and micelle aggregation in modified 
Berridge substrate (12 g NDM/100 ml.OS M CaCh) at 37"C. 
Micelle aggregation was monitored by turbidity at 600 nm. The 
numbers on the right axis are the percent hydrolysis at the time 
of adding .03 mg pepstatin A/ml substrate. Spikes were due to 
opening of the spectrophotometer lid to add inhibitor. Amount 
of chymosin added: .00768 RU/ml substrate. 
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Figure 18. Enzymic hydrolysis and micelle aggregation in modified 
Berridge substrate (12 g NDM/100 ml .10M CaCh) at 3TC. 
Micelle aggregation was monitored by turbidity at 600 nm. The 
numbers on the right axis are the percent hydrolysis at the time 
of adding .03 mg pepstatin A/ml substrate. Spikes were due to 
opening of the spectrophotometer lid to add inhibitor. Amount 
of chymosin added: .00768 RU/ml substrate. 
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Figure 19. Enzymic hydrolysis and micelle aggregation in modified 
Berridge substrate (36 g NDM/100 ml .01 M CaCh) at 3TC. 
Micelle aggregation was monitored by turbidity at 600 nrn. The 
numbers on the right axis are the percent hydrolysis at the time 
of adding .03 mg pepstatin A/ml substrate. Spikes were due to 
opening of the spectrophotometer lid to add inhibitor. Amount 
of chymosin added: .00768 RU/ml substrate. 
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Figure 20. Enzymic hydrolysis and micelle aggregation in modified 
Berridge substrate (36 g NDM/100 rnl .05 M CaCl2) at 3TC. 
Micelle aggregation was monitored by turbidity at 600 nm. The 
numbers on the right axis are the percent hydrolysis at the time 
of adding .03 mg pepstatin A/rnl substrate. Spikes were due to 
opening of the spectrophotometer lid to add inhibitor. Amount 
of chymosin added: .00768 RU/ml substrate. 
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Figure 21. Enzymic hydrolysis and micelle aggregation in modified 
Berridge substrate (36 g NDM/100 ml .10M CaCh) at 3rC. 
Micelle aggregation was monitored by turbidity at 600 nm. The 
numbers on the right axis are the percent hydrolysis at the time 
of adding .03 mg pepstatin A/rnl substrate. Spikes were due to 
opening of the spectrophotometer lid to add inhibitor. Amount 
of chymosin added: .00768 RU/rnl substrate. 
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DISCUSSION 
Addition of CaCI2 and Milk Coagulation 
Milk coagulation is a complex process with much remaining unknown about it. 
Caseins are characteristic among all proteins in that they are highly hydrophobic 
(McMahon and Brown, 1984a). Hydrophobic interactions are clearly involved in 
casein micelle aggregation as indicated by inhibition of micelle aggregation at low 
temperature (McMahon and Brown, 1984b). Ionic interactions, particularly those 
involving calcium and phosphoester groups, are also important in milk coagulation 
(McMahon and Brown, 1984a; McMahon and Brown, 1984b). 
Cheese makers often add some CaC12 to milk. This gives better curd and 
reduces the amount of rennet required. Federal regulations permit addition of up to 
.02% anhydrous CaC12 (.0018 M) to milk before cheese making (United States Code 
of Federal Regulations, 1979). Ernstrom et al. (1958) investigated the benefits of 
using CaCl2. Adding .02% CaCl2 into cheese milk can reduce the amount of rennet 
required by 50% and still produce curd of the same firmness. Milk solids retained in 
cheese is higher with CaC12 added. However, due to decrease of amount of rennet 
used, young cheeses are curdy and flavor development is slow. But quality of the 
cured cheese is not affected. By using CaCl2 and reducing the amount of rennet, 
cheese makers saved $.16 per 10,000 lb of milk. This was considered to lack 
obvious benefit in 1958. Since then the cost of rennet has increased substantially. 
Now, cheese makers use CaC12 primarily to change the cheese making process rather 
than as a cost saving exercise. The amount used is very small, and normally, 2-3 oz 
per thousand pounds of milk of an inexpensive 32% CaC12 solution is added and the 
amount of coagulant is not decreased. The major benefit from this is improved curd 
formation so that curd can be cut in 30 min. Cheese yield is claimed to be higher 
due to better curd formation and less loss of fines. However, no study has been done 
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on this (Doug Pangier, personal communication). At this level, the cost is about 
$ .01-.02 per 1000 lb milk. This cost is negligible compared to the value of cheese 
made from this milk. 
On the other hand, in laboratory studies of milk coagulation, particularly on 
standardization of enzyme clotting activity, a substrate containing .01 M CaCl2 is 
widely used (Berridge, 1952). There is great variation of fresh milk from cow to 
cow and from day to day (Okigbo et al., 1985a). As a result, great variation of 
results would be expected if fresh milk were used in studies. Instead, Berridge 
substrate ensures the comparability of results obtained from different days or 
different locations. 
Adding calcium to milk within a certain limit to decrease coagulation time and 
increase curd firming rates has been reported previously (McMahon et al., 1984b). 
Skim milk contains 32 mM calcium, of which 22 mM is in a colloidal state and 
10 mM is soluble. Only 2-3 mM of the soluble calcium is in free ionic state 
(Jenness, 1988; McMahon and Brown, 1984a). Adding CaC12 not only increases the 
calcium content in milk serum, but also changes the milk pH. Adding .01, .05, .1, .4 
and .8 M CaCl2 decreases pH of the substrate to about 6.5, 6.1, 5.9, 5.6 and 5.3. The 
significant drop in pH also affects the coagulation process. 
Addition of low levels of CaC12 increased the rate of enzymic hydrolysis; 
however, high levels of CaC12 had an adverse effect (Figures 10 and 11). This effect 
is at least partly due to the lowering of pH. Chymosin belongs to the acid protease 
(aspartyl proteases) group of enzymes. Its optimum pH of activity is in the acidic 
range because the protonated form of one of the two aspartyl residues at its active 
site is important for its hydrolytic activity (Dalgleish, 1982). However, its optimum 
pH on casein is hard to measure because casein, which has an isoelectric point of 
4.6, precipitates at pH lower than 5. 
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The second effect of adding CaC12 is to increase Ca2+ concentration in serum. 
Green and Marshall (1977) demonstrated that Ca2+ and other cationic materials, 
such as lysozyme and salmine, increase the rate of release of nonprotein nitrogen by 
rennet from a casein dispersion. Bringe and Kinsella ( 1986a) also reported an 
increase of chymosin activity by adding CaC12 to milk. Addition of cationic 
materials also increases the amount of rennet retained in the coagulum (Green and 
Marshall, 1977). This indicates a charge-neutralizing effect by adding cationic 
materials. Green and Marshall (1977) attributed the effect of cationic additives to 
lowering of rennet's Km (Michaelis-Menten constant). That is to say, cationic 
materials increase the binding affinity of chymosin to casein. However, no direct 
experimental results were presented. 
The third change caused by adding calcium to milk is the increase of ionic 
strength. Measurement of ionic strength of milk is difficult. However, it can be 
estimated from the composition of the ions in milk. Proteins contributed little to 
ionic strength. Lactose contributes none. The free ions and their concentration in 
milk filtrate are shown in Table 3 (Jenness, 1985; Jenness, 1988). Using the 
equation: 
:L (Zj2 [i]) 
I= 2 (17) 
where Zj is the charge of the ionic species i, ionic strength (I) of milk serum can be 
estimated to be at least .065. Payens and Both (1980) reported that adding NaCl 
from 0 to 100 mM (I= 0 to .1) first enhances then inhibits the velocity of chymosin 
Table 3. Profile of the free ions in milk and their respective 
concentrations. 
Anion Concentration Cation Concentration 
(mM) (mM) 
HCit- .04 Ca2+ 2.0 
Cit 3+ .26 Mg2+ .81 
HP04 2- 2.65 Na + 20.92 
H2P04 - 7.5 K+ 36.29 
Glc-1-P- 1.59 
HC03- .32 
so4 2- .96 
RCOO - 2.98 
Cl- 28.0 
(Jenness, 1985; Jenness, 1988) 
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reaction on K-casein solution. This indicates that any increase of ionic strength in 
milk (I already ;::: .065) by adding salts to it will result in a decrease of enzymic 
hydrolysis rate. However, changes of ionic strength by adding divalent cations such 
as calcium to milk are more complicated because some of the added ions interact 
with the milk proteins. They are bound and are not ionized. 
Adding CaC12 to milk affects pH, ionic strength, concentration and protein 
bound Ca-concentrations, and because they counteract each other, as far as their 
effects on enzyme activity are concerned, the net effect of adding CaC12 will be 
determined by the strength of each individual effect. Results in Figure 11 show the 
importance of each on enzymic hydrolysis. The total amount of amino acids present 
actually reflects the amounts of TCA-soluble peptides present in the filtrate, which is 
a measure of enzymic hydrolysis. Adding CaC12 up to .05 M increases the enzymic 
hydrolysis rate, then inhibits it at a higher level. This consists of three parts: pH, 
Ca2+ and ionic strength effects. 
Adjusting the substrate to equal pH (6.7) eliminated the pH-lowering effect of 
adding CaC12. In this case, only a small accelerating effect on hydrolysis was 
observed. As expected from the calculations shown above, increase of ionic strength 
in milk resulted in a decrease of enzymic hydrolysis. But this effect is more than 
countered by the accelerating effect from lowering pH. Therefore, adding CaC12 to a 
certain level to accelerate enzymic hydrolysis mainly results from its pH-lowering 
effect, with a small contribution from Ca2+ concentration. At high CaC12 
concentration, the inhibitory effect from high ionic strength is so strong that it offsets 
the pH effect. The net result is a reduced rate of enzymic hydrolysis. 
It has been reported that casein micelles will not aggregate until about 90% of 
K-caseins are hydrolyzed. This is mainly from a study on the kinetics of enzymic 
milk coagulation by Dalgleish (1979). The experiments leading to this conclusion 
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cannot be questioned. It is the application of these results that is important. In 
determining the minimum 1<:--casein hydrolysis level, a highly diluted milk (1/60 
dilution) was used. So the statement needs to be changed to say that casein micelles 
in diluted milk will not begin to aggregate until about 90% of the K-caseins are 
hydrolyzed. It is unfortunate that many people forget the "diluted milk" caveat when 
they quote or use these results. 
Milk coagulation consists of four overlapping phases: enzymic hydrolysis, 
micelle aggregation, gelation and syneresis. However, when diluted milk is used, as 
in the case of Dalgleish (1979), only enzymic hydrolysis and aggregation occur. No 
gelation can occur with such a diluted milk. As pointed out in the LITERATURE 
REVIEW, aggregation of casein micelles can be approximated by 
von Smoluchowski's aggregation theory, where particle concentration (n) plays a 
very important role in determining the aggregation rate ( -dn/dt). The aggregation 
rate constant (k2 in equation 4), however, is affected by dilution. In diluted samples, 
particles are far apart compared to undiluted samples. An increase in distance 
between particle centers (s) in equation (5) results in a decrease in k2, thus also 
resulting in much slower aggregation. 
From casein model prediction and experimental results, most K:-casein 
molecules are located on the micelle surface (Schmidt, 1980). This surface 1<:-casein 
prevents the micelles from aggregating. When a milk clotting enzyme is added, the 
highly negatively-charged 1<:--casein macropeptide is removed, and the micelles are 
destabilized. However, micelles do not wait until all the coat is removed before they 
collide with other micelles. In the early stages, enzyme hydrolysis produces some 
destabilized areas (patches) on the surfaces of micelles. As long as micelles are 
bumping into each other, the chance of two patches bumping into each other cannot 
be ruled out. Therefore, micelles aggregate in the way which is shown schematically 
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in Figure 22. A collision between two micelles can be either successful 
(permanently stick) or unsuccessful (coming apart) (Payens, 1979). The more 
diluted the sample, the longer it takes before a micelle collides with another because 
of the low number concentration of particles. As a result, the early stage of micelle 
aggregation is much delayed or not observed in highly diluted milk. 
In our experiment, percent hydrolysis reached about 90% completion at the 
coagulation point (inflection point of the turbidity curve) in 1/3 diluted sample. This 
is in good agreement with results obtained by other researchers from diluted samples 
(Dalgleish, 1979; Dalgleish et al., 1981). However, at normal substrate 
concentration (12 g NDM/100 ml), this percentage decreased significantly to about 
60%. There was no significant difference between normal sample and concentrated 
sample (Table 7 in APPENDIX 2). It was also observed that turbidity started to 
increase shortly after the enzyme was added (Figure 4). Adding CaC12 dramatically 
decreased the percent hydrolysis at the coagulation point (Figure 9). However, 
increase of CaC12 to a level of .1 M slightly increased this percentage in normal and 
1/3 diluted samples. Calcium is thus playing an important role in gel structure 
formation. 
As stated above, casein micelles aggregate with other micelles only if their 
surface K-caseins are removed (Figure 22). In forming curd, casein micelles form a 
chain-like, three dimensional structure, with the free space filled with whey and 
unreactive micelles (Kimber et al., 1974). The unreactive micelles join the gel 
structure after their surface K-caseins are removed. It requires a certain number of 
reactive sites before micelles can aggregate into a network. CaClz-added samples 
had a lower percentage of hydrolysis at coagulation point which suggests the 
increase in Ca+ concentration affects the way these reactive sites are formed. 
Consequently, CaC12 changes the way the gel structure is formed. 

_. ··, 
Figure 22. Schematic diagram of milk coagulation, showing early 
aggregation. Circles represent cross sections of casein micelles. 
Darkened areas represent surfaces where K-casein has been 
hydrolyzed (patches). Formation of patches on individual 
micelle is shown in 1. Early stage of aggregation is shown in 2 
and 3. Aggregates eventually will form a gel network, which is 
shown in 4. 
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In a sample with no added CaC12, aggregation and gel formation follow the way 
depicted in Figure 22. In this case, a high percentage of conversion of K-casein to 
para-K-casein is required before a three dimensional gel network can be formed. 
Micelles clump together via hydrophobic interactions. Calcium phosphate linkages 
also play a role in linking the micelles or aggregates together (McMahon and Brown, 
1984b). 
However, when additional CaC12 is added, calcium linkages become much more 
important in linking individual micelles to aggregates and the aggregates to the gel 
structure. Added calcium ions may cause two things. One is to link the smaller size 
reactive patches from different micelles together, which would not have occurred in 
samples with no calcium added. The other is to link patches to each other in the 
presence of additional calcium without complete removal of K-casein macropeptide 
within the patches. In either of these cases, much of the micelle surface is still 
unreactive when micelles begin to form a three dimensional network (McMahon and 
Brown, 1989). Clotting enzymes continue to hydrolyze the remaining K-caseins. 
Since more calcium ionic bridges are involved in this gel structure, and ionic bridges 
are stronger than other interaction forces, such as hydrophobic interactions, a gel 
with added CaC12 has a higher gel firming rate. This agrees with experimental 
results (Figure 7). A higher curd firmness would also be expected. 
This has been reported by McMahon et al. (1984c) who found that adding .001 
and .01 M CaCl2 to milk increases the curd firmness. However, adding .05 and 
.10M CaCl2 to milk decreases the curd firmness. This is probably due to the 
retardation of micelle aggregation at high CaC12 concentrations as seen in Figure 12. 
At higher concentrations of CaC12, gel firming rate (Figure 7) and gel firmness are 
both lower (McMahon et al., 1984c). This indicates that interaction between calcium 
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and caseins is concentration dependent. Calcium might neutralize the repulsive 
charges (negative) or form salt bridges as described below: 
Low calcium level: 
2 -x- + Ca2+ ----------------> -X-Ca-X- (18) 
High calcium level: 
2 -X-+ 2 Ca2+ ---------------> -X-Ca+ +Ca-X- (19) 
where -X- is a negatively charged group. In situation (18), calcium forms salt 
bridges between negatively charged groups which helps to bring the casein micelles 
together. In situation (19), repulsion between the same charged groups retards 
micelle aggregation. Calcium can bind to as-casein (Dalgleish and Parker, 1980), 
~-casein (Parker and Dalgleish, 1981) and K-casein (Ono et al., 1980). Binding to 
~-casein might be more important because ~-casein plays an important role in curd 
firming (Yun et al., 1982). Calcium can bind to both the phosphoryl groups and the 
carboxyl groups (Ono et al. , 1980). Parker and Dalgleish (1981) have shown that 
binding of calcium to ~-casein reaches a plateau at .01 M calcium ions. Calcium 
can form many kinds of salt linkages with caseins (McMahon and Brown, 1984b). 
This is shown in Table 4. 
Micelle Aggregation at Different Levels of 
Enzymic Hydrolysis 
Casein micelles aggregate before they form a three dimensional network. 
Results form Cheryan et al. (1974) demonstrated that conversion of all K-casein to 
para-K-casein is not required for milk to coagulate. Dilution of renneted milk with 
untreated skim milk increases the clotting time more than dilution with whey or 
water. In our experiments, although the sample with pepstatin added before adding 
Table 4. Some possible linkages between casein molecules fanned 
by calcium and other negatively charged groups. XX 
represents carboxylate or phosphoserine groups (McMahon 
et al. , 1984a). 
Ca 
/ "" Casein- XX- (Ca-PO 4 PO,;) n - Ca -XX - Casein 
' / . Ca 
-H 
CaOH 
-Ca-PO.:;= Ca 
Casein - XX - Ca- PO 4 - Ca- XX -Casein I 
Ca- Citrate= Ca 
Casein -XX - Ca- PO 4 - Ca- XX- Casein I . 
CaOH 
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chymosin had an increase in turbidity, the samples with different levels of hydrolysis 
had a higher increase in turbidity. Micelles continued to aggregate even though 
proteolysis was stopped at an early stage (K-casein hydrolysis of 10-30%). This is 
true for diluted, normal and concentrated samples. In the normal samples containing 
.05 and .10M CaCh, turbidity increased even at <10% hydrolysis. If aggregability 
is defined as the percentage increase in turbidity after 30 min of the inhibitor-added 
sample compared to an uninhibited sample, an estimate of the effect of calcium 
concentration on aggregation can be obtained. When micelle aggregability is plotted 
against percent hydrolysis, s-shaped curves are obtained (Figure 23). Because this is 
a percentage, the effect of different CaCl2 concentrations on the final turbidity, as 
reported by McMahon et al. ( 1984c ), is eliminated. Adding CaCl2 increased the 
aggregability, but at high levels of CaC12 it decreased. 
A tangent drawn to the steep portion of the aggregability curve has a slope equal 
to the criticalx:-casein hydrolysis required for the micelles to undergo fast 
aggregation. For the data shown in Figure 23, the critical values were around 40% 
for the sample with .01 M CaCl2 added, and 10% for samples with .05 and .1 0 M 
CaCl2 added. Percent hydrolysis for samples with .01 , .05 and .10M added are 54, 
33, and 41% (Table 6 in APPENDIX 2). At .01 M CaCl2 the effect of high ionic 
strength is evident by flattening of the curve, suggesting interference in formation of 
the gel network. At this point, micelle aggregabilities in three samples have passed 
the steep-increase portion of the curve (Figure 23). 
Brinkhuis and Payens (1985) studied the aggregation of para-K-casein micelles. 
They also used pepstatin A to stop enzyme hydrolysis. Based on their mathematical 
model, aggregation ofpara-K-casein micelle should occur at 7% hydrolysis. But 
their experiment did not verify this. Reddy et al. (1986), using the same system as 
we used here, demonstrated similar results. 

.· '• 
Figure 23. Relationship between percent hydrolysis and micelle 
aggregability. Substrate: 12 g NDM/100 CaC12 rnl solution. 
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CONCLUSIONS 
Milk coagulation is a complex process. In this process, both hydrophobic 
interactions and ionic interactions or salt bridge formation are involved. It is the 
sum of all these interactions that makes milk micelles aggregate and coagulate. 
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Adding CaC12 to milk must also be considered the composite effect of pH, ionic 
strength, Ca+ concentration and Ca-binding to the caseins. It affects both enzymic 
and non-enzymic phases of milk coagulation. Low levels of added CaC12 decrease 
clotting time and increase curd tinning rate, while high levels of added CaC12, delay 
coagulation and retard curd firming. 
This study demonstrated that the effect of adding CaCI2 on accelerating enzymic 
hydrolysis of K-casein is mainly due to lowering the pH, plus a small contribution 
from calcium ions. Addition of CaC12 increases the ionic strength which has an 
inhibitory effect on enzymic hydrolysis. 
Coagulation of milk does not require that aUK-casein be hydrolyzed. Only 60% 
hydrolysis is reached at the time reconstituted skim milk coagulates. However, 
diluted samples require a higher conversion of K-casein to para-K-casein. A 1/3 
diluted sample required 90% conversion. Adding CaC12 decreased this percentage. 
CaC12 also affects the nonenzymic phase of coagulation and at high levels 
interferes with formation of the gel network. In contradiction of earlier reports, it 
was demonstrated in this study that casein micelles continue to aggregate even at 
low percentage of hydrolysis. The criticalK-casein hydrolysis level for milk at its 
normal concentration can be reduced to as low as about 10% by addition of CaC12. 
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Figure 24. Progress of milk coagulation and enzymic hydrolysis at 3TC. 
Substrate contained 4 g NDM per 100 ml H20. Amount of 
chymosin added: .00768 RU/ml substrate. Turbidity was 
measured at 600 nm. Enzymic hydrolysis was measured by 
amino acid analysis of filtrates after TCA precipitation. 
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Figure 25. Progress of milk coagulation and enzymic hydrolysis at 3TC. 
Substrate contained 4 g NDM per 100 m1 .01 M CaC12 solution. 
Amount of chymosin added: .00768 RU/ml substrate. Turbidity 
was measured at 600 nm. Enzymic hydrolysis was measured by 
amino acid analysis of filtrates after TCA precipitation. 
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Figure 26. Progress of milk coagulation and enzymic hydrolysis at 3rC. 
Substrate contained 4 g NDM per 100 ml .05 M CaC12 solution. 
Amount of chymosin added: .00768 RU/ml substrate. Turbidity 
was measured at 600 nm. Enzymic hydrolysis was measured by 
amino acid analysis of filtrates after TCA precipitation. 
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Figure 27. Progress of milk coagulation and enzymic hydrolysis at 37·c. 
Substrate contained 4 g NDM per 100 ml .10 M CaCl2 solution. 
Amount of chymosin added: .00768 RU/ml substrate. Turbidity 
was measured at 600 nm. Enzymic hydrolysis was measured by 
amino acid analysis of filtrates after TCA precipitation. 
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Figure 28. Progress of milk coagulation and enzymic hydrolysis at 3TC. 
Substrate contained 12 g NDM per 100 rn1 H20. Amount of 
chymosin added: .00768 RU/rnl substrate. Turbidity was 
measured at 600 nm. Enzymic hydrolysis was measured by 
amino acid analysis of filtrates after TCA precipitation. 
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Figure 29. Progress of milk coagulation and enzymic hydrolysis at 3TC. 
Substrate contained 12 g NDM per 100 rnl .05 M CaC12 solution. 
Amount of chymosin added: .00768 RU/ml substrate. Turbidity 
was measured at 600 nm. Enzymic hydrolysis was measured by 
amino acid analysis of filtrates after TCA precipitation. 
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Figure 30. Progress of milk coagulation and enzymic hydrolysis at 37"C. 
Substrate contained 12 g NDM per 100 ml .10M CaC12 solution. 
Amount of chymosin added: .00768 RU/ml substrate. Turbidity 
was measured at 600 nm. Enzymic hydrolysis was measured by 
amino acid analysis of filtrates after TCA precipitation. 
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Figure 31 . Progress of milk coagulation and enzymic hydrolysis at 37"C. 
Substrate contained 36 g NDM per 100 ml H20. Amount of 
chymosin added: .00768 RU/ml substrate. Turbidity was 
measured at 600 nm. Enzymic hydrolysis was measured by 
amino acid analysis of filtrates after TCA precipitation. 
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Figure 32. Progress of milk coagulation and enzymic hydrolysis at 3TC. 
Substrate contained 36 g NDM per 100 ml .01 M CaC12 solution. 
Amount of chymosin added: .00768 RU/ml substrate. Turbidity 
was measured at 600 nm. Enzymic hydrolysis was measured by 
amino acid analysis of filtrates after TCA precipitation. 
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Figure 33. Progress of milk coagulation and enzymic hydrolysis at 3TC. 
Substrate contained 36 g NDM per 100 ml .05 M CaC12 solution . 
Amount of chymosin added: .00768 RU/ml substrate. Turbidity 
was measured at 600 nm. Enzymic hydrolysis was measured by 
amino acid analysis of filtrates after TCA precipitation. 
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Figure 34. Progress of milk coagulation and enzymic hydrolysis at 3TC. 
Substrate contained 36 g NDM per 100 ml .10M CaC12 solution. 
Amount of chymosin added: .00768 RU/ml substrate. Turbidity 
was measured at 600 nm. Enzymic hydrolysis was measured by 
amino acid analysis of filtrates after TCA precipitation. 
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Figure 35. Chromatogram at 570 nm of amino acid analysis of reconstituted 
skim milk. Values on tops of peaks are retention times in 
minutes. 
:;;:i 
n (; 
::: 
c . 
0 
::: 
:j 
3 
0 
,......__ 
a. 
::l 
.......... 
££1 
0 
' :c 
' 
' ~ 
' 
11.32 Pro 
' 
' ~ 16.96Cy• 
19.39 Val 
' :c 
' 
' 
:.--
Absorbance (570) 
v, 
0 
I 
10.14 Glu 
I 
6.38 Asp 
7.54 Thr 
8.12 Ser 
14 .19 Gly 
15 .24 ALa 
22.88 lie 
23 .55 Leu 
25.66 Tyr 
26.67 Phe 
0 
0 
I 
21.72 Met 
t:===========================~--- 33.41 His t ~===============~-- 36.39 Lys 
39.92NH3 
~ y 45.13 Arx 

Figure 36. Chromatogram at 440 nm of amino acid analysis of reconstituted 
skim milk. Values on tops of the peaks are retention times in 
minutes. 
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Appendix 2 
Table 5. Analysis of Variance of effects of substrate concentration 
and added CaC12 on percent hydrolysis at Formagraph 
Source df 
Ca 3 
Substrate 2 
Ca*Sub. 6 
Error 12 
Corr. Total 23 
coagulation time (see Figure 8 and 9) of reconstituted 
skim milk. 
Sum of Square Mean Square F value 
3064.038 1021.346 58.91 
1254.520 627.260 36.18 
1651.767 275.295 15.88 
208.062 17.339 
6178.387 
PR>F 
.0001 
.0001 
.0001 
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Table 6. Data of percent enzymic hydrolysis at coagulation time 
('t) of reconstituted skim milk at different substrate 
concentrations and added CaC12 concentrations (n = 2). 
Ca Substrate Percent Std Err Prob > ITI lsmean 
(M) (g/lOOml) lsmean lsmean Ho:lsmean=O number (I or J) 
.00 4.0 86.907 2.944 0.0001 1 
.00 12.0 61.676 2.944 0.0001 2 
.00 36.0 67.506 2.944 0.0001 3 
.01 4.0 43.026 2.944 0.0001 4 
.01 12.0 53.932 2.944 0.0001 5 
.01 36.0 71.560 2.944 0.0001 6 
.05 4.0 36.916 2.944 0.0001 7 
.05 12.0 32.631 2.944 0.0001 8 
.05 36.0 62.340 2.944 0.0001 9 
.10 4.0 38.278 2.944 0.0001 10 
.10 12.0 41.145 2.944 0.0001 11 
.10 36.0 55.663 2.944 0.0001 12 
Table 7. Multiple comparisons of percent enzymic hydrolysis of 
reconstituted skim milk at coagulation point at different 
substrate and added CaC12 concentrations. Prob > ltl 
H0 : lsmean(I) = lsmean(J); (See Table 6 for I and J) 
III 1 2 3 4 5 6 7 8 9 10 11 12 
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1 0.0001 0.0006 0.0001 0.0001 0.0031 0.0001 0.0001 0.0001 0.0001 0.0001 0.0001 
2 0.0001 . 0.1868 0.0008 0.0876 0.0352 0.0001 0.0001 0.8760 0.0001 0.0003 0.1743 
3 0.0006 0.1868 . 0.0001 0.0068 0.3495 0.0001 0.0001 0.2384 0.0001 0.0001 0.0148 
4 0.0001 0.0008 0.0001 . 0.0224 0.0001 0.1680 0.0281 0.0006 0.2764 0.6594 0.0104 
5 0.0001 0.0876 0.0068 0.0224 . 0.0012 0.0015 0.0003 0.0664 0.0027 0.0097 0.6849 
6 0.0031 0.0352 0.3495 0.0001 0.0012 . 0.0001 0.0001 0.0469 0.0001 0.0001 0.0024 
7 0.0001 0.0001 0.0001 0.1680 0.0015 0.0001 . 0.3237 0.0001 0.7492 0.3299 0.0007 
8 0.0001 0.0001 0.0001 0.0281 0.0003 0.0001 0.3237 . 0.0001 0.2000 0.0635 0.0001 
9 0.0001 0.8760 0.2384 0.0006 0.0664 0.0469 0.0001 0.0001 . 0.0001 0.0003 0.1348 
10 0.0001 0.0001 0.0001 0.2764 0.0027 0.0001 0.7492 0.2000 0.0001 . 0.5042 0.0013 
11 0.0001 0.0003 0.0001 0.6594 0.0097 0.0001 0.3299 0.0635 0.0003 0.5042 . 0.0045 
12 0.0001 0.1743 0.0148 0.0104 0.6849 0.0024 0.0007 0.0001 0.1348 0.0013 0.0045 . 
Table 8. Analysis of Variance of effects of substrate concentration 
and added CaCl2 on enzymic hydrolysis rate of 
reconstituted skim milk (see Figure 1 0). 
Source df Sum of Square Mean Square F value PR>F 
Ca 3 .741 .247 13.34 .0004 
Substrate 2 1.715 .858 46.29 .0001 
Ca*Sub. 6 .286 .048 2.57 .0773 
Error 12 .222 .019 
Corr. Total 23 2.964 
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Table 9. Analysis of Variance of effects of added CaC12 with no 
pH adjustment on enzymic hydrolysis of reconstituted 
skim milk (see Figure 11). 
Source 
Ca 
Error 
df 
5 
31 
Carr. Total 36 
Sum of Square 
1232.976 
396.226 
1629.202 
Mean Square F value PR>F 
246.595 19.29 .0001 
12.781 
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Table 10. Analysis of Variance of effects of added CaCI2 with pH 
adjusted to 6.7 on enzymic hydrolysis of reconstituted 
skim milk (see Figure 11). 
Source 
Ca 
Error 
df 
5 
18 
Corr. Total 23 
Sum of Square 
869.725 
14.736 
884.461 
Mean Square F value PR>F 
173.945 212.47 .0001 
.819 
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Table 11. Analysis of Variance of effects of added sodium chloride 
on enzymic hydrolysis of reconstituted skim milk (see 
Figure 11). 
Source 
Ca 
Error 
df 
5 
18 
Corr. Total 23 
Sum of Square 
873.678 
13.047 
886.725 
Mean Square F value PR>F 
174.736 241.07 .0001 
.725 
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